Electroacoustic ͑E-A͒ logging describes the acoustic response to an electromagnetic ͑EM͒ source in a fluid-filled borehole surrounded by a porous medium. The E-A response is simulated by two different methods in this paper. In the coupled method, the EM field and the acoustic field are modeled using Pride's model, which couples Maxwell's equations and Biot's equations. In the uncoupled method, the EM field is uninfluenced by the converted acoustic field, resulting in separate acoustic formulation with an electrokinetic source term derived from the primary EM field. The difference of the transient full waveforms between the above two methods is remarkably small for all examples, thus confirming the validity of using the computationally simpler uncoupled method. It is shown from the simulated waveforms that an EM-accompanying acoustic field is coupled to the EM field and appears with an apparent phase velocity of the EM wave in the formation. Acoustic waves with the conventional acoustic velocities are also seen in the converted full waveforms. For the sandstone models used in this paper, when permeability is less than 1 Darcy, the E-A Stoneley wave amplitude increases with porosity, which is different from that in conventional acoustic-to-acoustic logging.
I. INTRODUCTION
In a fluid-saturated porous medium, acoustic ͑or seismic͒ and electromagnetic ͑EM͒ waves are coupled because of electrokinetic effect. The electrokinetic effect is related to the electric double layer ͑EDL͒ at the solid-fluid interface ͑Pride and Morgan, 1991͒ and the flow of pore fluid relative to the porous solid matrix. When an acoustic wave propagates through a fluid-saturated porous medium, relative fluid flow occurs ͑Biot, 1956, 1962͒, which in turn carries excess ions in the EDL, causing convection electric current and a streaming potential. This phenomenon is called acoustoelectric ͑A-E͒ conversion. Reversely, when an EM wave propagates, the electric field exerts forces on the ions in the EDL, which causes the relative flow between the fluid and the solid phases, producing pressure gradients and an acoustic wave. This phenomenon is known as electroacoustic ͑E-A͒ conversion.
Ivanov ͑1940͒ measured the electric signal caused by the electrokinetic effect. In order to explain the phenomenon observed by Ivanov, Frenkel ͑1944͒ established a theoretical model of poro-acoustics and attempted to study the relation between the relative flow induced by a seismic wave and the flow-induced electric field. He predicted that an electric field accompanies a compressional seismic wave in homogeneous porous medium. Nevertheless, he did not allow for the full set of Maxwell's equations so that he mistakenly concluded that shear waves do not induce EM disturbances. In the following 50 years, many experimental observations were conducted ͑such as Martner and Sparks, 1959; Broding et al., 1963; and Long and Rivers, 1975͒ , but few theoretical developments ͑e.g., Neev and Yeatts, 1989͒ were reported.
Substantial developments were achieved since the 1990s, due to fast development in signal recording and processing techniques and due to ever-increasing demand for earth resources. Pride ͑1994͒ derived from first principles the governing equations for coupled acoustic and EM fields in homogeneous porous media, which is a combination of Biot's equations of poroelasticity ͑Biot, 1956, 1962͒ and Maxwell's equations of electromagnetism. Pride and Haartsen ͑1996͒ obtained expressions for electroseismic plane waves in a homogeneous porous medium. Haartsen and Pride ͑1997͒ presented the numerical simulations of the seismoelectric fields excited by an acoustic point-source in the fluid-saturated stratified porous medium. There are two kinds of fields shown to exist: one is the stationary electric and magnetic fields accompanying seismic waves during their propagation, with no extent outside of the seismic pulses; the other is the independently propagating EM wave generated by seismic waves when traveling across medium interfaces. These important publications provided a theoretical framework to interpret the experimental observations. Along with the developments of theoretical studies, many field and laboratory studies as well as numerical simulations were reported. Thompson and Gist ͑1993͒, Butler et al. ͑1996͒, and Mikhailov et al. ͑1997͒ , implemented the field studies about electrokinetic effect and demonstrated the above-mentioned two kinds of EM fields induced by a seismic source. While their studies revealed the potential use of wave-related electrokinetic effects in mapping subsurface fluid flow and in obtaining other useful information about the subsurface, the exploration depth is limited by the weak electric signals, resulting from the propagation attenuation from the source to the exploration target and back to the receivers on the ground surface. A-E logging and E-A logging were brought forward in the 1990s, which have much smaller source to target and target to receiver distances so that the exploration depth is not limited. Both the source and receiver are located in the borehole, and the formation to be measured is in the depth interval between the receiver and transmitter. In a series of publications, Zhu et al. ͑1999͒ and Zhu and Toksöz ͑2003, 2005͒ measured the induced EM signals of A-E logging by the use of scaled model wells in the laboratory. Hu ͑2000͒ and Hu and Liu ͑2002͒ numerically simulated the axisymmetric fields of A-E logging in a homogeneous fluidsaturated porous medium based on Pride's theory, and both the stationary and propagating EM fields were seen in their simulated waveforms.
Most of the above-mentioned studies are concerned with A-E conversion of the electrokinetic effect. Zhu et al. ͑1999͒ recorded distinct E-A Stoneley waves induced by an electrode in his scaled model wells. His experimental result showed the possibility of a new borehole logging technique that could explore more physical properties related to the fluid and its flow in the porous formations. Recently Thompson ͑2005͒ and reported field experiments about E-A conversion. They summarized the results of E-A field tests in three locations and concluded that E-A conversion is a sensitive indicator of hydrocarbon saturation, which revealed potential applications of E-A conversion. Nevertheless, we have not seen published theoretical papers on E-A logging.
In this paper we simulate the acoustic field excited by a vertical electric dipole in the borehole due to electrokinetic effect in the porous formation. The major objective is to derive the E-A wave fields analytically and analyze the full waveforms. The paper is organized as below. In Sec. II, we provide two different methods for simulating E-A logging. In the first three subsections the acoustic field and EM field in the formation are seen as coupled and are formulated based on Pride's equations and boundary conditions. In the last subsection, the EM field is formulated separately by ignoring the influence of the electrokinetically induced acoustic field on the EM field itself, and the acoustic field is then formulated by taking the EM disturbances as a source term. In Sec. III, we calculate the acoustic as well as the electric waveforms for typical logging situations using expressions derived in Sec. II. Transient full waveforms are obtained by the above two methods and are compared. We continue to analyze the interrelationships between the waveforms and the porosity and permeability of the formation.
II. FORMULATION A. Fields in the porous formation
The governing equations that describe the coupling between the acoustic and electric fields in homogeneous fluidsaturated porous medium were derived by Pride ͑1994͒ and can be expressed as follows, assuming e −it time dependence of all fields:
where E, D, J, B, and H are the electric field, electric flux density, electric current density, magnetic flux density, and magnetic field, respectively, u is the displacement of the solid phase, w is the relative flow between the fluid and the solid phase, is the bulk stress tensor, I is the identity tensor, p is the pore fluid pressure, is the permittivity of the formation, is the magnetic permeability of the formation and is assumed to equal to that of vacuum in this paper, f and are density and viscosity of the pore fluid, respectively, is the density of the formation, G is the shear modulus of the formation, H, C, and M are porous-medium moduli as defined by Biot ͑1962͒, is the dynamic permeability defined by Johnson et al. ͑1987͒ , and L are the conductivity and electrokinetic coupling coefficient of the formation, respectively. Expressions for and L used in our calculation can be found in the paper by Pride ͑1994͒. In the low frequency limit, the expression for L is given by
where f is the permittivity of the fluid in the porous formation; ␣ ϱ is the tortuosity; is called the zeta potential, which is the electric potential at the shear plane, the surface that separates the two layers, i.e., the adsorbed layer and the diffuse layer in the EDL; and ⌳ and d are the weighted volumeto-surface radio and a length that is equal to or less than the Debye length, respectively, defined by Pride ͑1994͒. Electrokinetic coupling between acoustic fields and EM fields is reflected in Eqs. ͑5͒ and ͑6͒ through the terms with the coefficient L. If L is set to zero, the two equations decouple into Biot's and Maxwell's equations. The coefficient L is proportional to porosity in the low frequency limit ͓see Eq. ͑10͔͒
and is approximately proportional to porosity at higher frequencies. In E-A logging the source is located in the borehole so that there are neither acoustic nor EM sources in the fluidsaturated porous formation. From Eqs. ͑1͒-͑9͒ one can derive equations in terms of u, w, and E as below:
is the effective complex permittivity of the formation, and
is the effective density for relative flow. According to the Helmholtz theorem, the fields u, w, and E in Eqs. ͑11͒-͑13͒ can be expressed in terms of potential functions. It can be shown through complex mathematical operations as in the paper by Pride and Haartsen ͑1996͒ that there are four different modes of waves in an infinite homogeneous fluid-saturated porous medium. Two of them are rotation-free waves, i.e., the fast compressional wave whose wave number is k pf , and the slow compressional wave whose velocity is k ps . The other two are divergence-free waves, i.e., the shear wave whose wave number is k sh , and the EM wave whose wave number is k em . The fields u, w, and E are coupled due to electrokinetic effect, and each of them can travel with the above four different wave numbers. The amplitudes and phases of the three fields are different. For example, u, w, and E can all travel with the fast compressional wave number, with w pf = ␣ pf u pf and E pf = ␤ pf u pf . The amplitude ratio and phase shift are reflected by ␣ pf between w pf and u pf , and by ␤ pf between E pf and u pf . The expressions for the wave numbers k i and the factors ␣ i , ␤ i ͑i = pf , ps, sh, em͒ are given by Pride and Haartsen ͑1996͒ and Hu ͑2000͒.
Let us study the axisymmetric fields excited by a vertical electric dipole along the borehole axis. We adopt the cylindrical coordinate system ͑r, z, ͒, with the z axis being the borehole axis, and the origin coinciding with the center of the dipole. In the porous formation the TM wave ͑the transverse magnetic wave, i.e., the magnetic field is perpendicular to the r − z plane and the electric field is in the r − z plane͒ is coupled with the P wave and the SV wave ͑the shear wave whose motion is in the r − z plane͒ due to the electrokinetic effect. As a result, an axisymmetric EM field is associated with an axisymmetric acoustic field. From the above analysis, we can express u, w, and E by potential functions as below:
where the potentials are
where k is the axial wave number, m and n are the radial wave numbers, i.e., m = ͱ k 2 − k m 2 and n = ͱ k 2 − k n 2 , I n and K n are modified Bessel functions of the nth order. The coefficients A i ͑i = pf , ps, sh, em͒ can be determined by the boundary conditions on the wall, and e is the unit vector in the direction.
Once u, w, and E are known, one can obtain the stress and the E-A pressure p from Eqs. ͑8͒ and ͑9͒. The magnetic field H can be derived from Faraday's law
B. Fields in the borehole fluid
To simplify our simulation, we use an oscillating electric dipole as the source in E-A logging. It may be a short line conductor in which an alternating current flows. We assume the length l of the conductor is very short compared with the wavelength ͑l Ӷ͒ and the amplitude I 0 of the current is uniform along the entire length l. Assuming e −it time dependence, the radiation field of the dipole can be represented by a magnetic vector potential A as ͑Guru and Hiziroğlu, 2004͒
where A is related to the magnetic flux density B and the electric field E by
where b is the magnetic permeability of the borehole fluid, and is assumed to equal to the magnetic permeability of vacuum, so we rewrite b as in what follows, R = ͱ r 2 + z 2 , p e = I 0 l, e z is the unit vector in the z direction and where
k be is the EM wave number of the borehole fluid, b and b are dielectric constant and conductivity of the borehole fluid, respectively. According to the theory of Bessel functions, ͑1/R͒e
where be = ͱ k 2 − k be 2 . So we have
Substituting Eq. ͑27͒ into Eq. ͑23͒ and using the constitutive laws, i.e., Eq. ͑3͒, we can get the solution for the magnetic field, of which the only nonzero component is
where the superscript "R" represents the radiation field. Similarly, substituting Eq. ͑27͒ into Eq. ͑24͒, we get the solutions for the electric field,
with the component of the electric field being zero. The solution for the total EM field in the borehole is composed of the particular solution, which represents the radiation field from the dipole, i.e., Eqs. ͑28͒-͑30͒, and the solution of the associated homogeneous equations, which represents a source-free field that obeys the Helmholtz equation,
Using the fact that the divergence of the electric field vanishes in the source-free region, the solution of Eq. ͑31͒ can be expressed as
where the superscript "O" represents the source-free field. The component of the electric field is zero because of axisymmetry. From Eq. ͑21͒ we can get the magnetic field, of which the only nonzero component is
The total EM field in the borehole can be obtained by adding together the above particular solution and the solution to the homogenous equation, i.e.,
The acoustic field is not coupled with the EM field in the borehole. It exists due to the boundary condition requirements at the borehole wall. The displacement and pressure in the borehole can be represented by a scalar potential bm as
where b is the density of the borehole fluid, and bm obeys the homogeneous Helmholtz equation,
where
is the acoustic wave number of the borehole fluid, and V bm and Q bm are the acoustic velocity and quality factor in the borehole fluid, respectively. The solution of Eq. ͑38͒ in the frequency domain can be expressed as
where bm = ͱ k 2 − k bm 2 . Substituting Eq. ͑40͒ into Eqs. ͑36͒ and ͑37͒, one obtains
C. Boundary conditions
The coefficients A i ͑i = pf , ps, sh, em͒ in Eqs. ͑16͒-͑18͒, B e in Eqs. ͑32͒-͑34͒, and A m in Eqs. ͑40͒-͑43͒ can be determined from the following boundary conditions at the borehole wall:
where quantities with subscript "0" are fields in the borehole, and quantities with subscript "1" are fields in the formation. The above six boundary conditions lead to the following linear equations in the frequency-wave-number domain,
MA = B, ͑50͒
and the elements of M are shown in Appendix A.
D. The uncoupled method
In the above derivation the acoustic field and the EM field are coupled in the formation; the process of obtaining the coupled fields is complicated. It may be much more complicated, or even impossible, to formulate the coupled fields for more complex geometries or more complex source distributions. If the formation is assumed to be heterogeneous, it is difficult to get analytical expressions for the fields. So, in this subsection, we adopt a different method to simulate E-A logging without solving directly the coupled fields in the formation. We called this method the uncoupled method in order to distinguish it from the coupled method in the above study. We hope this uncoupled method will be a check to the coupled method in some way.
In E-A logging, the EM wave excited by the source induces the acoustic field in the porous formation and the converted acoustic field influences back on the EM field because of the electrokinetic effect. Nevertheless, if the reverse influence is weak enough, we can assume it is negligible. We will validate the feasibility of this assumption by comparison of the coupled and uncoupled waveforms in Sec. 3. When the influence is negligible, the second term on the right hand of Eq. ͑5͒ becomes zero; the EM field in the formation can be obtained separately by solving Maxwell's equations. According to the theory of electrodynamics, electric field E in the source-free formation must obey the following equations,
From Eqs. ͑53͒ and ͑54͒ and using Eq. ͑21͒, we obtain expressions for the EM field in the frequency domain,
where the unknown coefficient A e can be determined by the boundary conditions at the borehole wall. Recalling that the EM field is not coupled with the acoustic field in the borehole fluid because there is no electrokinetic effect in it, Eq. ͑35͒ remains valid for the EM field in the borehole, but the coefficient B e in Eqs. ͑32͒-͑34͒ is different now. We can obtain B e as well as A e in Eqs. ͑56͒-͑58͒ by imposing the boundary conditions for the EM field at the borehole wall. These boundary conditions are expressed as a set of linear equations in Appendix B. Upon knowing the EM field, we can determine the converted acoustic field. The acoustic field still satisfies Eqs. ͑11͒ and ͑12͒. Notice that the last term on the left side of Eq. ͑12͒ depends on the known electric field E and can be considered as the source of the acoustic field. If E becomes zero, Eq. ͑12͒ turns to
Equations ͑11͒ and ͑59͒ are the homogeneous Biot equations for acoustic waves in porous medium and can be solved as in the paper by Rosenbaum ͑1974͒. Now we expound on how to find a set of particular solutions for Eqs. ͑11͒ and ͑12͒. Let u 0 and w 0 be the set of particular solutions that are related to the electric field E as
where the coefficients T 1 and T 2 are be to determined as follows. According to Eq. ͑54͒, we have
By substituting Eqs. ͑60͒ and ͑61͒ into Eqs. ͑11͒ and ͑12͒ we get
A comparison between Eq. ͑53͒ and ͑62͒ leads to
And, from Eq. ͑63͒, we have 2 f T 1 + 2 T 2 − iL = 0, ͑65͒ for a nontrivial solution of E. Solving simultaneously Eqs. ͑64͒ and ͑65͒, one obtains the coefficients T 1 and T 2 :
By this time we have a set of particular solutions. And the solution for the converted acoustic field in the formation can be obtained by superposing the solution of the homogenous equation and the set of particular solutions. Similar to the coupled method, we can solve for the unknown coefficients in the expressions for the acoustic fields in the formation and in the borehole by imposing boundary conditions at the borehole wall. These conditions lead to a set of linear equations as is given in Appendix C. The expressions ͑41͒-͑43͒ for the acoustic field in the borehole remain valid for the uncoupled method as long as the coefficient A m is determined according to Appendix C.
III. NUMERICAL SIMULATIONS
To simulate the E-A logging response, we calculated the E-A pressure p as well as the three components of the EM field, i.e., radial and axial components of the electric field E r and E z , and circumferential magnetic field H . Although, in real logging tools, an acoustic receiver can not be placed at the same point where an EM field is sensed, it is assumed in our calculation that all four quantities can be measured at any point in the borehole. We first calculate the four fields in the frequency domain expressed by Eqs. ͑28͒-͑30͒ and ͑32͒-͑35͒ in the coupled method or Eqs. ͑56͒-͑58͒ in the uncoupled method and Eq. ͑41͒, and then Fourier transform them to get the time-domain response. For example, p in the borehole is
where p͑͒ is the frequency-domain response obtained from Eq. ͑41͒, and S 0 ͑͒ is the spectrum of the source pulse function s 0 ͑t͒,
where f 0 is the center frequency and T c is the pulse width. In all of the numerical simulation examples below, we adopt an f 0 of 6 kHz and a T c of 0.5 ms. The source intensity p e of the electric dipole is assumed to be 1 A · m. The formation of our model is assumed to be consolidated sandstone, and the parameter relationships between the porosity and the frame moduli K b and G b are assumed to obey the experimental results of Vernik ͑1994͒. The input parameters of the model for simulating E-A logging are listed in Table I unless explicitly stated elsewhere. We performed the simulations and obtained the waveforms by the two different methods introduced above. Then we calculated the difference waveforms when the same input parameters are used in the two methods and found the largest relative difference in amplitude is in the order of 10 −4 for all examples in the paper. Such a small relative difference cannot be seen in the plots of waveforms. We think the difference partially results from the truncation error due to limited computer digits, and partially comes from the difference in conversion mechanism ͑the reverse influence is ignored in the uncoupled method͒. This conclusion of remarkably small difference is important because of lack of reachable experimental data to be used as a reference, and makes us confident in our calculations. It also proved that the uncoupled method in which the acoustic field is calculated after the EM field being evaluated separately is feasible and accurate. Thus we do not need to point out which waveforms are simulated by which method in the following examples. Now let us study the properties of the converted acoustic field during E-A logging. Figure 1 shows the full waveforms of E-A pressure p on the borehole axis, when the distance to the source z varies from 3.0 to 4.5 m. Obviously, there are Fig. 1͒ . In Fig. 2 we compare the waveform of E-A pressure p and that in acoustic-to-acoustic ͑A-A͒ logging. The waveform in A-A logging is calculated using Biot's theory, as done by Rosenbaum ͑1974͒. An acoustic point source as described in Tsang and Rader ͑1979͒ is used in the A-A logging simulation, with the peak pressure being 100Pa at a location of 0.01 m away from the point source. The same source function is used as that in E-A logging, with f 0 = 6 kHz, T c = 0.5 ms. Other required input parameters are the same as those in E-A logging and are given in Table I . It is seen that the three wave groups in the E-A logging waveform have the same wave velocities as those in A-A logging. From previous research on A-A logging, we conclude that the three wave groups are, in order of arrival time, the compressional wave group, the shear and pseudo-Rayleigh wave group, and the Stoneley wave group. These wave groups are originated at the borehole wall through conversion of EM energy to mechanical energy. Once generated, they propagate independently of the electric field. When we magnify by five times the first millisecond of the waveforms in Fig. 1 , we see a wave group ͑showed by line a-a in Fig. 1͒ that arrives earlier than the compressional wave group and reaches the four different receivers at almost the same time. In Fig. 3 we compare the first millisecond waveforms of E-A pressure p in boreholes with different radii. When the radius changes from 0.1 to 0.3 m, the earliest wave group delays 0.13 ms, which is the time for an acoustic wave in the borehole fluid to travel 0.2 m. We judge from this phenomenon that this wave group is a real physical signal rather than a spurious signal resulting from calculation. A further comparison is shown in Fig. 4 between the waveform of the electric field E z and that of the E-A pressure p. The earliest acoustic disturbance, i.e., the wave group that arrives before the compressional wave, seems to accompany the electric field and to possess an apparent phase velocity of the EM wave in the formation. This phenomenon is consistent with an earlier theoretical prediction by Pride and Haartsen ͑1996͒. This wave group is induced by the conversion of the EM wave on the borehole wall at different depths and reflected back to the borehole fluid, which is named as an EM-accompanying acoustic group. Now we investigate the effect of formation parameters on E-A logging. We focus our study on the effects of permeability and porosity in this paper. Shown in Fig. 5 are the waveforms of E-A pressure p for the permeability 0 being 0.01 and 10 Darcy. The amplitude of E-A pressure changes with permeability. Among all the wave groups, the E-A Stoneley wave group is the most sensitive to permeability. The E-A Stoneley wave amplitude decreases with the increase of permeability, which is similar to the case in A-A logging. From Figs. 5͑a͒ and 5͑b͒ , the E-A Stoneley wave amplitude decreases 96.8% and 99.1% at the locations z = 3 m and z = 4.5 m, respectively, when permeability increases from 0.01 to 10 Darcy. The sensitivity to permeability increases with the distance to the source, since the acoustic propagation attenuation increases with permeability as well as the distance to the source.
Similar to the way of considering the effects of permeability above, we found that the E-A Stoneley wave group is also the most sensitive to porosity. In order to reveal possible relationships between the E-A Stoneley wave amplitude and permeability and porosity, and to discuss some different characteristics between E-A logging and A-A logging, calculations are performed under a series of combinations of permeability and porosity for E-A logging and A-A logging. The results are listed in Table II . To show the variations clearly, we plotted the results in Figs. 6 and 7 for E-A logging and A-A logging, respectively, according to the data in Table II . As shown in Fig. 6 , when permeability is much lower than 1 Darcy, the E-A Stoneley wave amplitude is highly dependent on porosity as well as permeability: the higher the porosity, the larger the amplitude, and the higher the permeability, the smaller the amplitude. The effect of porosity on E-A Stoneley wave amplitude is different from that in A-A logging ͑see Fig. 7͒ . This is not outside our expectation because two mechanisms together control the amplitude change of the E-A Stoneley wave. One is the E-A conversion ratio determined by the electrokinetic coupling coefficient L, and the other is the attenuation of the converted wave during its propagation in the porous medium. While the second mechanism is shared by A-A logging, the first mechanism belongs to E-A logging only. The A-A Stoneley wave amplitude decreases monotonically when porosity increases, because waves in a high porosity formation usually attenuate faster. In E-A logging, however, due to a larger L at a higher porosity, which is described by Eq. ͑10͒, and which means a stronger coupling between EM field and acoustic field, E-A pressure may increase with porosity. When permeability reaches 10 Darcy, the amplitude decreases with the increasing porosity ͑see Table II͒, revealing that the attenuation mechanism dominates amplitude variation. Thus there is a critical permeability where the amplitude of the Stoneley wave is invariant with porosity. From the data in Table II , it is calculated that E-A Stoneley wave amplitude decreases 68.6%, 79.5%, and 83.0% for porosity being 10%, 20%, and 25%, respectively, when permeability increases from 1 to 10 Darcy. But the A-A Stoneley wave amplitude de- Table II. creases 11.5%, 33.8%, and 42.0%, respectively, in the same situations. This reveals that E-A Stoneley wave amplitude drops more sharply in the high permeability range than that in conventional A-A logging. The A-A Stoneley wave amplitude is sensitive to porosity rather than permeability ͑see Fig.  7͒ in the high permeability range. In the paper by Wu et al. ͑1995͒ , the error is large in estimating permeability from Stoneley wave attenuation when permeability is larger than 2 Darcy, because of the small change with permeability in the amplitude of the Stoneley wave in the high permeability range. The E-A Stoneley wave can be used instead for the inversion of permeability in highly permeable formations.
IV. CONCLUSIONS
A coupled method and an uncoupled method are put forward for simulating the axisymmetric fields of E-A logging in a fluid-saturated porous medium. A vertical electric dipole on the borehole axis is used as the exciting source. In the coupled method, the acoustic and EM fields in the formation are formulated by using Pride's governing equations. In the uncoupled method, the EM field is obtained by solving Maxwell's equations; the acoustic wave field is then obtained by solving linear inhomogeneous Biot equations, with the source term, due to the electrokinetic effect, originating from the EM disturbances. This uncoupled method is possible because the influence from the converted acoustic field on the EM field is negligible.
The transient full waveforms for the electric field and the converted acoustic field in the borehole are simulated by the two methods. In order to compare the waveforms obtained by the two methods, the difference waveforms are calculated when the same input parameters are used. It is found that the largest relative difference in amplitude is in the order of 10 −4 for all examples in this paper, so that cannot be seen in the plots of waveforms. It proved that the uncoupled method is correct and feasible. The idea behind the uncoupled method can be extended to evaluate E-A conversion response in more complex geometric situations in which the analytical solution is unobtainable. For example, if the fluid-saturated formation outside the borehole is stratified horizontally, there will be no analytical solution to either the EM field or the acoustic field. But we can solve for the EM field first by a well established finite-element or finitedifference method, and then solve for the inhomogeneous acoustic field by the same numerical technique.
The full waveform of the converted acoustic field in E-A logging contains four wave groups: EM-accompanying wave group, compressional wave group, shear and pseudoRayleigh wave group, and Stoneley wave group. The EMaccompanying wave group accompanies the EM field and has an apparent phase velocity of the EM wave, but is a mechanical disturbance in itself. The other three wave groups can propagate independently of the EM field and are generated when the EM wave emitted by the electric dipole travels across the borehole wall.
The amplitude of E-A Stoneley wave changes with permeability and porosity. It decreases with permeability, similar to conventional A-A logging. It decreases with porosity when permeability is very high ͑several Darcies or higher͒, but increases with porosity in the common sediment rock permeability range. This is because the amplitude of the E-A Stoneley wave is indirectly affected by porosity in two different ways. It is affected by porosity through the electrokinetic coupling coefficient L as well as through propagation attenuation. The coefficient L increases with porosity, while propagation attenuation increases with porosity. When permeability is small, the variation of the E-A Stoneley wave amplitude is dominated by L, resulting in the increase of the E-A Stoneley wave amplitude with porosity. Nevertheless, when permeability is high enough, the attenuation mechanism dominates, and the E-A Stoneley wave amplitude decreases with increasing porosity. There is a critical permeability where the E-A Stoneley wave amplitude does not change with porosity. When permeability reaches or exceeds 1 Darcy, the sensitivity of the E-A Stoneley wave amplitude to permeability is higher than that in A-A logging.
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